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CHAPTER I 
 
INTRODUCTION 
 
The single-event-effects sensitive volume model was first defined in [1] in order to relate the 
energy deposited in a sensitive volume by an ionizing radiation event to a circuit response. In order 
to enable on-orbit estimation of single event effects (SEE) rates, various versions of the sensitive 
volume model have been developed and used successfully. Early versions of sensitive volume 
models defined the sensitive volume geometry as a rectangular parallelepiped (RPP) [1], [2], and 
recent methods defined more complex sensitive volume geometries [3], [4] with multiple regions 
of different efficiencies. Experimentally-determined sensitive volumes are often used as inputs to 
error rate calculation simulators such as MRED [3], [4] and the CREME96 tool [5], [6]. The 
sensitive volumes are typically found using experimental data gathered at ground-based ion testing 
facilities. However, the cost and lack-of availability of these facilities has led to the need for a new 
characterization tool: the pulsed laser. 
Pulsed laser SEE testing can be performed with either single-photon absorption (SPA) or 
two-photon absorption (TPA). SPA occurs when the wavelength of the laser has an energy greater 
than the bandgap of the target material. Here, a single photon is absorbed and leads to the creation 
of an electron-hole pair. TPA, on the other hand, occurs with wavelengths of energies less than the 
bandgap of the target material, and two photons are absorbed nearly simultaneously to create a 
single electron-hole pair. SPA- and TPA-induced SEE testing have their own set of pros and cons 
to be accounted for.  
The intensity of SPA wavelength pulses is absorbed in a material exponentially according to 
Beer’s Law. SPA-based SEE testing can provide good correlation to heavy ion testing results. 
However, the exponential decay of the intensity means that SPA-induced testing is limited to 
top-side irradiation of devices. This can be problematic with the increasing amounts of 
metallization that occurs on modern devices. TPA-induced SEE testing, on the other hand, is 
highly intensity dependent and relies on focused femtosecond pulsed lasers to achieve the 
intensities necessary for TPA to occur. The strong dependence of intensity on carrier generation 
allows the region of generated carriers to be locally confined and moved through a device by 
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changing the location of the laser focus. This allows for backside and through-substrate testing of 
devices. Both SPA- and TPA-based testing allow for areal scanning due to the small (~1 μm) spot 
size associated with focus lasers.  
TPA-based testing is useful because of the refined spatial and temporal control of charge 
generation within devices, while offering increased availability and affordability compared to ion 
beams [7], [8], [9]. Recent research provides a theoretical and computational framework for 
quantitatively predicting TPA-induced SEE results [10], [11] empirical correlation of laser and ion 
results [12], [13], and a laser equivalent LET approach to correlate charge generated from pulsed 
lasers and ions [14]. However, it would be useful to develop a quantitative, predictive relationship 
between ion- and pulsed laser-induced SEEs without first empirically correlating laser and ion 
responses. A key, enabling metric towards this goal would be to define a common geometry for 
the sensitive volume generally useful for both ion- and laser-induced charge collection estimates. 
In this work, a large area silicon diode fabricated on an epi-layer is used to study the similarities 
and differences between ion- and pulsed laser-induced collected charge sensitive volume 
geometries. A simple RPP structure sensitive volume is determined from collected charge 
measurements for both ion- and laser-induced collected charge at two different bias conditions. 
The ion- and laser-based sensitive volumes are used with ion LET curves and laser generated 
charge profiles to predict the collected charge for each of the charge deposition methods. These 
predicted collected charges are then compared with experimental results. While the ion- and 
laser-based sensitive volumes show good agreement with their own respective charge deposition 
methods, there are discrepancies when applied to the other charge deposition method. At the lower 
bias condition, the two sensitive volumes are different and show disagreement between the 
predicted amounts of collected charge, whereas at the higher bias condition the sensitive volumes 
are similar. The physical mechanisms responsible for the differences are discussed and limitations 
of quantitative ion-laser SEE measurements are considered. 
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CHAPTER II 
 
BACKGROUND 
 
II.1 Heavy Ion-Induced Collected Charge Sensitive Volume Definition 
 
A sensitive volume is a region within a device such that when charge is deposited, a response 
occurs. In this work, the response that is being examined is the collected charge observed from a 
single event transient (SET) after charge is deposited either from a heavy ion or a pulsed laser. The 
ion-induced collected charge sensitive volume for this device is motivated by the relationship 
between energy deposited and charge generated by an ion: 
 
𝑄𝑐𝑜𝑙𝑙 =
𝑞 𝜌
𝐸𝑒ℎ𝑝
∫ 𝐿𝐸𝑇(𝑧) 𝑑𝑧
𝑆𝐷𝑖𝑜𝑛
0
(𝐼𝐼. 1) 
 
where ρ is the density of the target material, Eehp is the energy required to create an electron-hole 
pair in the target material (3.6 eV/ehp in Si) and LET(z) is the linear energy transfer, defined as: 
 
𝐿𝐸𝑇(𝑧) = −
1
𝜌
𝑑𝐸𝑒𝑙𝑒𝑐(𝑧)
𝑑𝑧
 (𝐼𝐼. 2) 
 
in traditional units of MeV-cm2/mg. 
𝑑𝐸𝑒𝑙𝑒𝑐
𝑑𝑥
 is the rate of change of the electronic stopping energy 
of the ion as it passes through a material. Combining these two equations results in the relationship:  
 
𝑄𝑐𝑜𝑙𝑙 =
𝑞
𝐸𝑒ℎ𝑝
∫
𝑑𝐸𝑒𝑙𝑒𝑐(𝑧)
𝑑𝑧
𝑑𝑧.
𝑆𝐷𝑖𝑜𝑛
0
(𝐼𝐼. 3) 
 
Therefore, collected charge is related to the rate of electronic energy lost by an ion to the 
surrounding material and the path length over which that energy is lost. This path length, 𝑆𝐷𝑖𝑜𝑛, is 
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the sensitive volume depth. Because of the large scale nature and symmetry of the test device in 
this work, the sensitive volume thickness is the only unknown aspect of the sensitive volume. The 
integral here runs from the surface of the device to the sensitive volume depth, which is supported 
by TCAD simulations, but that is not true for all devices and should not be taken as a universal 
truth. 
Equation 1 assumes a charge collection efficiency of 100%, and can be used to directly solve 
for the sensitive volume thickness by integrating the LET curve over a path length until the 
integrated charge is equal to the collected charge. Figure II.1 [15] demonstrates this. On the left is 
the LET curve for 1.3 GeV Xe as it passes through Si; it has a surface LET of 59 MeV-cm2/mg 
and the LET increases by 10% over the first 40 μm in Si. The figure on the right shows the 
integrated LET curve and its intersection with the experimentally determined collected charge of 
11 pC. Using Equation 1 results in a path length of approximately 13.5 μm necessary for the 
integrated LET curve to have the same charge as that seen experimentally. This would then be the 
ion-based sensitive volume, 𝑆𝐷𝑖𝑜𝑛. 
It should be noted that 100% collection efficiency does not have to be true. A device structure 
could have efficiencies greater than or less than 1 depending on the particular physical processes 
at play. In those cases, a multiplier exists in front of the integral that represents the collection 
efficiency [3], [4], [16]. 
 
 
 
 
Figure II.1. LET curve as a function of depth into Si for a 1.2 GeV Xe ion (left). Integrated Xe LET curve (red) and its intersection 
with the experimental collected charge 11 pC (black) (right). 
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II.2 Description of Two-Photon Absorption Mechanisms  
 
Two-photon absorption (TPA) is a nonlinear optics process in which two photons are absorbed 
nearly simultaneously, resulting in the creation of a single electron-hole pair, see Figure II.2. The 
nearly simultaneous absorption of photons is achieved through virtual states that result from 
defects. The first photon is absorbed and excites an electron into the virtual state; a second photon 
is then absorbed at nearly the same instant and causes the electron to be excited from the virtual 
state into the conduction band. Carrier generation as a result of TPA can be described by the 
following coupled differential equations: 
 
𝑑𝐼(𝑟, 𝑧)
𝑑𝑧
= −𝛼0 𝐼(𝑟, 𝑧) − 𝛽2 𝐼
2(𝑟, 𝑧) − 𝜎𝐹𝐶𝐴 𝑁(𝑟, 𝑧) 𝐼(𝑟, 𝑧) (𝐼𝐼. 4) 
𝑑Φ(𝑟, 𝑧)
𝑑𝑧
= 𝑘0 𝑛0 + 𝑘0 (𝑛2 𝐼(𝑟, 𝑧, 𝑡) + ∆𝑛𝐹𝐶𝑅 𝑁(𝑟, 𝑧, 𝑡)) (𝐼𝐼. 5) 
𝑑𝑁(𝑟, 𝑧)
𝑑𝑡
=
𝛼0
ℏ𝜔
𝐼(𝑟, 𝑧) +
𝛽2
2ℏ𝜔
𝐼2(𝑟, 𝑧) −
1
𝜏
𝑁(𝑟, 𝑧, 𝑡) (𝐼𝐼. 6) 
 
where 𝐼 is the intensity, 𝛼0 is the linear absorption coefficient, 𝛽2 is the TPA absorption coefficient, 
𝜎𝐹𝐶𝐴 is the coefficient of free carrier absorption, 𝑁 is the number of free carriers, Φ is the phase 
of the light, 𝑘0 is the vacuum wave vector (2π/λ), 𝑛0 is the refractive index at that wavelength, 𝑛2 
is the Kerr coefficient, ∆𝑛𝐹𝐶𝑅 is the change in refractive index due to free-carrier refraction, and 
ℏ𝜔 is the photon energy.  
 
 
Figure II. 2. TPA occurs when two photons whose sum of energies is greater than the bandgap are nearly simultaneously absorbed 
leading to the generation of one electron-hole pair through a virtual state. 
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Because TPA requires nearly simultaneous absorption of two photons, it only occurs in regions 
of high photon intensity. As such, femtosecond pulsed lasers are necessary for achieving the 
intensities necessary for TPA to be possible. Figure II.4 shows three time-integrated charge 
generated profiles that result from solving Equations II.4-6 when a 990 pJ laser is focused at 
locations 0 μm, 17.5 μm, and 24 μm into the Si diode used as a test structure in this work (described 
in more detail in III.1). The intensity dependence of TPA can be seen as charge is mainly generated 
only in the region directly around the focus of the laser pulsed. This localized generation of carriers 
gives TPA-induced SEE investigations flexibility over ion-based investigations. Because photons 
are only absorbed in the region near the laser focus, the region of charge generation can be 
arbitrarily moved throughout a device. This allows for backside illumination of devices, a necessity 
as the front-end of line processing becomes more complicated with more metal layers [7], [17].  
 
 
 
II.3 Laser-Induced Collected Charge Sensitive Volume Definition 
 
A laser-induced collected charge sensitive volume can be defined in a similar manner to the 
ion-based sensitive volume by relating the generated charge to the collected charge. Unlike the 
ion-based sensitive volume with the LET curves, laser-generated charge can have a non-uniform 
areal distribution, so the necessary integral is a volume integral: 
 
𝑄𝑐𝑜𝑙𝑙 = ∭
𝑑𝑄𝑔𝑒𝑛(𝑉)
𝑑𝑉
𝑑𝑉.
𝑉=𝐴 𝑆𝐷𝑙𝑎𝑠𝑒𝑟
(𝐼𝐼. 7) 
Figure II. 3. Time-integrated charge generated distributions that result from solving the couple differential equations for the 
propagation of light for a 990 pJ focused pulsed laser at focal positions of 0 μm (left), 17.5 μm (center), and 24 μm (right). 
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The laser-based sensitive volume is a combination of the area, 𝐴, and path length, 𝑆𝐷𝑙𝑎𝑠𝑒𝑟, 
necessary to integrate the generated charge over to see the experimentally observed collected 
charge. As with ions, a non-unity collection efficiency can be added to this equation by a scaling 
factor in front of the integral. This equation is time independent and assumes that all of the charge 
generation is done on a time scale much faster than charge collection so the two processes can be 
examined independently; this same assumption is made for ions as well. 
 Finding the time-integrated generation rate for any given pulsed laser experiment requires 
solving the couple differential Equations 4-6 and knowing the particulars of the laser pulsed, such 
as length, spot size, and wavelength. An optical simulation tool, such as Lumerical [18], can then 
be used to solve for the time-integrated generated charge distributions. Lumerical is an FDTD 
nanophotonic simulation software package that captures optical and nanophotonic effects through 
a three-dimensional solution of Maxwell’s Equations. It has been modified to consider charge 
generation as described in Equations II.4-6 so that TPA-induced SEE simulations can be 
performed [19]. Lumerical’s output is time-integrated generated charge distributions, such as those 
seen in Figure II.3, which can be examined independently or ported into Sentaurus TCAD for 
transient simulations. 
Once the charge generated distributions are known, solving for a laser-based sensitive volume 
follows the same procedure as that for an ion-based sensitive volume. First, the radial part of the 
carrier distributions is integrated to create a line curve of charge generated per unit depth. The 
entire radial distribution is integrated due to the large scale nature of the test structure used here. 
The line curve is then integrated until the integrated charge is equal to the experimentally observed 
collected charge.  The path length at which the integrated charge equals the collected charge is the 
sensitive volume depth. This process is shown in Figure II.4 using the TPA charge generated 
distribution given in the center panel of Figure II.3. The left panel shows the line curve that results 
from integrating the radial portion of the charge generated distribution, and the right panel shows 
the integrated charge and where it intersects with the experimental collected charge of 14 pC. The 
sensitive volume thickness is found to be 21.4 μm for this particular focal position and pulsed 
energy. 
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Figure II. 4. Charge generated distribution and line charge generated curve (left) and integrated charge curve (right) for the example 
charge generated distribution shown in Figure II.3. 
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CHAPTER III 
 
EXPERIMENTAL SET-UP AND PROCEDURES 
 
III.1 Test Structure 
 
 
 
An epitaxial silicon diode manufactured by Beijing Microelectronics Technology Institute 
(BMTI) was used as a test structure in this work. A cross section of the diode can be seen in 
Figure III.1. The devices were manufactured with 196 μm2 holes in the top Al metal contact, 
allowing for top-side illumination of the junction. The area of the metal holes accounts for less 
than 0.1% of the total area of the top contact, so electrical performance is not affected by their 
presence. It should be note that the holes in the metallization are small enough to perturb the laser 
profile as it passes through it, so effects resulting from the optical perturbations are accounted for 
in the optical simulations. The diode was reversed biased at 5 V and 90 V for all sets of 
Figure III. 1. Cross section of diode test structure. The diode is 1.82 mm2 and 
220 μm thick. 
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experiments, resulting in depletion region widths of 5 μm and 14.5 μm, respectively, which forms 
mainly in the n- region. 
 
III.2 Experimental Setup 
 
 
 
Figure III.2 is a diagram of the experimental setup used for all of the testing reported here. 
Heavy ion testing was performed at Lawrence Berkeley National Lab’s (LBNL) 88” Cyclotron 
and pulsed laser testing was performed at the Naval Research Laboratory (NRL) Ultrafast Laser 
Facility. The diode is mounted on a custom-milled high speed package with microstrip 
transmission lines and precision 2.92 mm K-connectors. Gold bond wires connect the diode 
contacts to the transmission lines, which are connected to 40 GHz K-connectors. Gore 40 GHz 
high speed cables connect to the high speed package [20], [21]. Heavy ion experiments were 
performed in vacuum, so the high speed cables connect to an SMA feedthrough and then to more 
high speed cables outside of the vacuum chamber. The high speed cables connect to 12.5 GHz 
Tektronix bias tees that are rated to 200 VDC bias. More high speed cables connect the AC side of 
the bias tees to a high speed oscilloscope, while BNC cables connect the DC side of the bias tees 
to the power supply. For heavy ion experiments, a 12.5 GHz single shot Tektronix oscilloscope 
was used to observe and record transients; a 16 GHz single shot Tektronix oscilloscope was used 
Figure III. 2. Experimental setup used for heavy ion and pulsed laser experiments. The same high speed packages, bias tees, and 
high speed cables were used for all experiments. 
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for laser experiments performed at NRL. Keithley 2410s were used as the power supply at LBNL 
and Keithley 2400s were used at NRL. A personal computer is used to record and analyze the 
transients observed. 
LBNL’s 10 MeV/u ion cocktail was used, and a range of LETs and biases were examined during 
heavy ion experiments. The list of ions used is shown in Table III.1 [22]. Because of the broad 
beam nature of LBNL’s ion beam, a pin hole was used to ensure that ions only struck the center 
of the device to prevent problems associated with edge effects. The pinhole, shown in Figure III.3, 
was made of 100 μm thick stainless steel and was 200 μm in diameter. It was visually aligned over 
the center of the diode using an optical microscope. An aluminum mount, Figure III.3 (right panel), 
was used to attach the pinhole to the top of the high speed package. For each ion and bias condition, 
10,000 SETs were recorded for analysis.  
 
 
 
 
 
Pulsed laser testing at NRL was performed using a Ti:Sapphire tunable optical parametric 
amplifier (OPA) tuned to a wavelength of 1260 nm. This wavelength carries an energy of 0.98 eV, 
TABLE III.1 LBNL HEAVY IONS 
Ion 
 
Energy  
(MeV) 
Surface Incident LET  
(MeV-cm2/mg) 
Range in Si  
(μm) 
Range in Stainless Steel  
(μm) 
Xe 1200 59 90 35 
Cu 660 21 108 41 
Si  290 6  54   54 
 
 
TABLE III.1 LBNL HEAVY IONS 
Ion 
Energy  
(MeV) 
Surface Incident LET  
(MeV-cm2/mg) 
Range in Si  
(μm) 
Range in Stainless Steel  
(μm) 
Xe 1232 59 90 35 
Cu 659 21 108 41 
Si  292 6  54   54 
 
 
TABLE III.1 LBNL HEAVY IONS 
Ion 
 
Energy  
(MeV) 
Surface Incident LET  
(MeV-cm2/mg) 
Range in Si  
(μm) 
Range in Stainless Steel  
(μm) 
Xe 1200 59 90 35 
Cu 660 21 108 41 
Si  290 6  54   54 
 
 
Figure III. 3. Top view (left) and side view (right) of the stainless steel pinhole and aluminum mount used during heavy ion 
experiments at LBNL. 
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which is less than silicon’s bandgap energy of 1.12 eV but greater than half the bandgap, allowing 
for TPA. Detailed descriptions of the laser setup and dosimetry at NRL are available in [23]. The 
FWHM spot size and FWHM temporal width of the laser pulsed was 1.36 μm and 130 fs, 
respectively. Pulsed energies of 400 pJ, 750 pJ, and 990 pJ were used. A series of measurements 
made by changing the depth of the laser focus within a device, called a depth scan, was performed 
at each pulsed energy and bias condition. At each focal position, 200 SETs were recorded for 
analysis. 
 
III.3 Data Analysis 
 
In order to ensure equivalent analysis between experiments, the same analysis procedure was 
applied to all data sets. The double exponential fitting function: 
𝑓(𝑡) = {
𝐴 + 𝐵𝑡,                                                         𝑡 < 𝑡𝑜𝑛
𝐴 + 𝐵𝑡 + 𝐼(𝑒𝜏1(𝑡−𝑡𝑜𝑛) − 𝑒−𝜏2(𝑡−𝑡𝑜𝑛)),   𝑡 ≥ 𝑡𝑜𝑛
, (𝐼𝐼𝐼. 1) 
was applied to each recorded transient. 𝐴 and 𝐵 are parameters used to quantify the noise level, 
𝑡𝑜𝑛 is the time at which the transient starts and is determined by the horizontal offset on the 
oscilloscope, 𝐼 is proportional to the peak amplitude of the transient, and 𝜏1 and 𝜏2 are time 
constants relating to the rise and fall times of the transient. Figure III.4 shows an ion- and laser-
induced transient along with the fitting function associated with those particular transients. As can 
be seen, the fitting function provides good agreement with the overall shape and magnitude of the 
transients while reducing the impact of measurement noise. The fitting function also allows for 
double transients from ion-based experiments to be filtered out. 
Once a fitting function has been defined for a particular transient, it can be analyzed to find the 
collected charge of the individual transients by integrating using the trapezoidal method: 
 
∫ 𝑓(𝑥)𝑑𝑥 = ∑
𝑓(𝑥𝑖) + 𝑓(𝑥𝑖+1)
2
(𝑥𝑖+1 − 𝑥𝑖)
𝑁−1
𝑖=0
. (𝐼𝐼𝐼. 2) 
 
The area of the noise components of the transient is also calculated using the trapezoidal method 
and is subtracted from the overall integral, resulting in the integral of just the transient. This 
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integral is equivalent to the total collected charge in picocoulombs if the units of time are 
nanoseconds and the magnitude is milliamps. The collected charge for each transient is recorded, 
and statistics for each experiment can be analyzed. 
 
  
Figure III. 4. An ion-induced (top) and laser-induced (bottom) SET and its corresponding fitting function. The fitting 
function for both types of SETs captures to overall shape of the transient response while limiting the effect of noise on 
future analysis. 
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CHAPTER IV 
 
HEAVY IONS: EXPERIMENTAL RESULTS AND SENSITIVE VOLUMES 
 
Figure IV.1 shows the results from the heavy ion experiments at reverse biases of 5 V and 90 V. 
The results are as expected for long range ions: the collected charge increases approximately 
linearly with incident LET at a rate of 0.17 pC/MeV-cm2/mg and 0.27 pC/MeV-cm2/mg for -5 V 
and -90 V, respectively. The error bars are one standard deviation from the mean for each 
experiment from 10,000 recorded SETs, and are within 25% of the mean. These experimentally 
observed collected charges were used together with the LET curves for each ion, shown in Figure 
IV.2 [15], to find the ion-induced sensitive volume, 𝑆𝐷𝑖𝑜𝑛, according to Equation II.1. A summary 
of the sensitive volumes can be found in Table IV.1.  
 
 
 
Taking the average of the sensitive volumes for each bias, 14.7 μm (-5 V) and 24.6 μm (-90 V), 
gives a sensitive volume for each bias condition. The average sensitive volume is used for the 
singular ion-based sensitive volume to account for experimental variation due to contamination in 
the ion beam, noise fluctuations, and experimental error. The 𝑆𝐷𝑖𝑜𝑛 + LET Curves points in 
Figure IV.3 shows the collected charge predicted by integrating the ion LET curves using the ion-
induced sensitive volume according to Equation II.1. Overall, the average ion-induced sensitive 
volume predictions are consistent with the results observed experimentally and deviate from the 
Figure IV. 1. Ion collected charge experimental results for biases of -5 V (left) and -90 V (right). The error bars show one standard 
deviation from the mean, given 10,000 SETs. 
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experimental average by no more than 12%. The rate of charge collection from the ion-induced 
sensitive volume predictions are slightly less than that for the experimental results for both biases: 
0.16 pC/MeV-cm2/mg and 0.26 pC/MeV-cm2/mg for -5 V and -90 V, respectively. 
 
 
 
 
 
Figure IV. 2. LET curves calculated from SRIM for each of the ions used for testing over 100 μm in Si. 
TABLE IV.1 ION-INDUCED SENSITIVE VOLUMES 
Ion 
Bias  
(V) 
Avg. Collected Charge  
(pC) 
Sensitive Volume  
(μm) 
Xe -5 10.5 16.7 
Cu -5 3.08 13.5 
Si -5 0.91 14 
Xe -90 15.9 25.1 
Cu -90 5.67 24.3 
Si -90 1.6 24.2 
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Figure IV. 3. Experimental (red circles) and ion-induced sensitive volume (blue triangles) collected charges for -5 V (left) 
and -90 V (right). 
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CHAPTER V 
 
PULSED LASER RESULTS: EXPERIMENTAL RESULTS, SENSITIVE VOLUMES, AND SIMULATIONS 
 
 
 
Experimental laser-induced collected charge as a function of laser focal position is shown in 
Figure V.1. Results are shown for pulsed energies of 400 pJ, 750 pJ, and 990 pJ and for biases 
of -5 V and -90 V. The error bars show one standard deviation from the mean given 200 SETs. 
For each focal position a Lumerical time-integrated charge generated distribution, such as those 
Figure V. 1. Laser-induced collected charge for -5 V (left) and -90 V (right) at pulsed energies of 400 pJ (top), 750 pJ (middle), 
and 990 pJ (bottom). Experimental results are shown as red circles with error bars of one standard deviation from 200 SETs. TCAD 
simulated collected charge is shown as black squares, and sensitive volume predictions are given as green diamonds. 
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shown in Figure II.3, were created using the appropriate pulsed energy and parameters given in 
Section III.2. These charge distributions were ported into Sentaurus TCAD for 2D cylindrical 
mixed-mode transient simulations. Figure III.2 shows the device deck used in these simulations.  
Doping profiles were determined by spreading resistance measurements and read in from a file, 
and the width of the diode was set so the cylindrical area is equal to the actual area of the diode. 
Figure III.3 shows the circuit diagram used in the simulations, with the bias tees and oscilloscope 
connections being modeled by their equivalent circuits. Transients were monitored off of node N2, 
which is equivalent to the front end of the oscilloscope in experiments. The collected charge from 
these simulations is shown as black squares in Figure V.1 and shows good agreement with the 
experimental results. 
 
 
 
 
Figure V. 2. Cross section of the diode structure used for Sentaurus TCAD simulations. The doping profile was read in 
from a file containing spreading resistance measurements of the diode. The radial dimension was chosen so that the 
cylindrical area of the TCAD deck is the same as the experimental area. 
Figure V. 3. Circuit diagram of the mixed model used to capture the effect of experimental setup. The 50 Ω resistors are 
used to model the 50 Ω impedance on the oscilloscopes, and nodes N2 and N12 are used for analysis. 
19 
 
A sensitive volume depth defined from laser-induced charge collection, 𝑆𝐷𝑙𝑎𝑠𝑒𝑟, was found 
using the most deeply focused position at the highest pulse energy: 24 μm focal position at 990 pJ. 
The Gaussian shape of the generated charge distributions allows the most deeply focused position 
to be used because the sensitive volume depths at the less deeply focused positions will be 
encompassed by the sensitive volume depth at the most deeply focused position. The highest 
pulsed energy was used because nonlinear effects are more prevalent at higher pulse energies. 
𝑆𝐷𝑙𝑎𝑠𝑒𝑟 was found to be 23 μm and 26 μm for -5 V and -90 V, respectively. 𝑆𝐷𝑙𝑎𝑠𝑒𝑟 was then used 
to predict the collected charge for the other focal positions and pulsed energies. These results are 
shown as green diamonds in Figure V.1. Overall, the single 𝑆𝐷𝑙𝑎𝑠𝑒𝑟 for each bias condition exhibits 
good agreement with the TCAD and experimental results across all focal positions and pulsed 
energies. 
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CHAPTER VI 
 
COMPARISON OF ION- AND LASER-INDUCED SENSITIVE VOLUMES 
 
 
 
Figure VI.1 is a visual comparison of the ion- and laser-based sensitive volumes found for both 
bias conditions and provides insights on possible mechanisms for the differences seen. At the lower 
bias the laser-based sensitive volume is 8 μm larger than the ion-based sensitive volume. At the 
higher bias the epi-layer is close to being fully depleted and modulation of the depletion region for 
both the ion- and laser-induced charge is truncated by the heavily doped substrate. As such, there 
is only a 1 μm difference between the two sensitive volumes.  
The differences in the sensitive volumes at -5 V are most likely due to differences in potential 
modulation from high carrier injection. Recall that the laser-based sensitive volume is found using 
the collected charge from the focal position with the most deeply deposited charge. The majority 
of the carriers are being generated well outside the depletion region and yet still contribute to 
potential modulation. The charge generated outside of the depletion region diffuses up towards the 
depletion region and then causes an extended modulation region, resulting in the larger sensitive 
Figure VI. 1. Graphical comparison of ion- and laser-based sensitive volumes with the depletion widths at -5 V (left) and -90 V 
(right). When the diode is fully depleted, as seen at -90 V, the sensitive volumes are the same. Otherwise, they appear to be different 
due to different amount of potential modulation. 
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volume. This is supported by the similar sensitive volumes seen between the -5 V and -90 V 
laser-based sensitive volumes. 
A hope for laser-induced SEE testing is the ability to predict ion-induced SEEs. If the sensitive 
volumes differ, however, this may not be possible without first empirically correlating the ion- and 
laser-induced responses. For example, Figure VI.2 shows the collected charge from the ion 
experiments, along with the charge that would be predicted using either 𝑆𝐷𝑖𝑜𝑛 or 𝑆𝐷𝑙𝑎𝑠𝑒𝑟 for the 
appropriate bias in Equation II. While the ion-based sensitive volume shows good agreement with 
experimental results within 15%, the laser-based sensitive volume over predicts the collected 
charge by upwards of 75% for -5 V. The -90 V results are as expected, with both ion- and laser-
based sensitive volumes predicting the collected charge within 10% of the experimental values. 
Figure VI.3 shows an analogous comparison using 𝑆𝐷𝑖𝑜𝑛 to attempt to predict laser-induced 
collected charge. 𝑆𝐷𝑖𝑜𝑛 under predicts the laser-induced collected at the low bias condition and is 
consistent with 𝑆𝐷𝑙𝑎𝑠𝑒𝑟 at the higher bias condition. If the sensitive volumes are similar then the 
predicted collected charges will be similar. 
 
 
 
 Differing error rate predictions is another ramification of differing sensitive volumes. The 
sensitive volumes were put into CRÈME96 [5], [6], [24] to explore the effects of the differing 
sensitive volumes. An error rate based on the ISS orbit and current space weather conditions was 
calculated in CRÈME96 assuming a critical charge of 0.5 pC, the lowest collected charge 
experimentally observed. Table VI.1 gives the error rates calculated for both the ion- and 
laser-based sensitive volumes. The laser-based error rate is over 2 times higher than the ion-based 
Figure VI. 2. Comparison of experimental (red circles), ion-based sensitive volume predicted (blue triangles), and laser-based 
sensitive volume predicted (green diamonds) collected charge for -5 V (left) and -90 V (right) biases. 
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error rate at -5 V, while at -90 V the error rate are nearly identical. This is consistent with the trends 
seen in the predicted collected charge. 
 
 
 
 
Figure VI. 3. Comparison of experimental (red circles), TCAD simulated (black squares), ion-based sensitive volume predicted 
(blue triangles), and laser-based sensitive volume predicted (green diamonds) collected charge for the pulsed laser experiments. 
TABLE VI.2 ERROR RATE PREDICTIONS 
Source 
Bias 
(V) 
Error Rate 
(SEEs∙sec-1) 
Ion -5 2.310-4 
Laser -5 5.310-4 
Ion -90 6.310-4 
Laser -90 6.810-4 
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CHAPTER VII 
 
CONCLUSIONS 
 
This work aimed at comparing the sensitive volumes found from heavy ion- and pulsed 
laser-induced SEE experiments. Sensitive volumes were found using experimentally determined 
collected charge for two different bias conditions, -5 V and -90 V. LET curves were used to 
calculate the amount of deposited charge from ions and time-integrated charge generated 
distributions from Lumerical were used for laser-deposited charge. The generated charge was then 
integrated over until it was equal to the experimental collected charge, and the path length was 
defined as the sensitive volume depth. The ion- and laser-based sensitive volumes were used to 
predict the collected charge from their respective charge deposition methods and were found to 
show good agreement with the experimental results. When compared, the ion- and laser-based 
sensitive volumes at -5 V were found to be different by 8 μm, while the -90 V sensitive volumes 
only differed by 1 μm. The 8 μm difference seen at -5 V results in the laser-based sensitive volume 
over predicting the amount of collected charge observed by heavy ions by as much as 71% and an 
error rate over twice as high. The 1 μm difference between -90 V sensitive volumes results in 
negligible differences between the predicted collected charge and error rates. 
From this work, it is clear that a direct comparison of ion- and laser-based SEEs is not a straight 
forward path to relating these two charge deposition methods.  The sensitive volumes differ at the 
lower bias condition, when the device is not fully depleted. When the device is fully depleted, the 
sensitive volumes are nearly identical. This suggests that the ion- and laser-deposited charge are 
modulating the internal potential differently and this effect is masked when potential modulation 
is truncated by the heavily-doped substrate. Understanding the physical mechanisms behind the 
differences seen here will allow for a path forward to relating ion- and laser-based SEEs and how 
the pulsed laser can best be used in SEE investigations. 
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